When submitted to a magnetic field, a type-I superconductor undergoes a first-order phase transition between the superconducting (SC) and the normal-state (NS) homogeneous phases (HP). In the case of films in a perpendicular field, the transition proceeds through the onset of a modulated phase (MP), the so-called intermediate state (IS) , which consists of an intricate pattern of SC and NS domains [1, 2, 3, 4] . Such a transition is encountered in a variety of quasi-two dimensional systems including ferromagnetic thin films with strong uniaxial anisotropy [5, 6] , Langmuir polarized monomolecular layers at airwater interface [7] , magnetic fluids in Hele-Shaw cells [8] . MPs arise from the competition between short-range interactions associated with positive interface energy and long-range magnetic or dielectric interactions. Although these interactions have been recognized as a major ingredient in the description of the dynamics of pattern formation [4, 9, 10, 11] , they were not taken into account in former studies of interface motion [12, 13] . An important issue concerning MP systems is the role of long-range interactions in the nucleation process of one phase into the other. In a closely related field, the ion-induced nucleation of the liquid phase in the gas phase of a polar fluid, a problem which dates back to the invention of Wilson's cloud chamber, this question is still under active debate [14] .
In type-I SC films, it is well known that the SC-NS transition occurs at a magnetic field smaller than the bulk thermodynamical critical field H c . This is due to the SC-NS interface energy and the magnetic stray field energy of the NS domains. The transition field was estimated using an approximate expression of this magnetic energy [15] . A more accurate prediction of the transition field should be obtained in the framework of the recently developed current-loop (CL) models [4, 10, 16] that made possible the calculation of the magnetic energy for various domain patterns. However, in SC films [1, 17] , as well as in magnetic systems [6] , a hysteresis loop opens up very close to the MP-HP boundary. Two distinct transition fields are found for the appearance and collapse of domains. Surprinsingly, the origin of this magnetic hysteresis still remains an open question. Does it arise from the existence of supercooled (SCL) and superheated (SH) metastable states? What is precisely the role of pinning centers and defects? Metastable states were clearly identified in dispersions of micron size SC spheres where the small volume reduces the probability of heterogeneous nucleation at defects [18, 19] . On the opposite, in large size systems like films, SCL and SH states are not expected to be observed [2] . In addition to magnetic hysteresis, domain-shape hysteresis is found: domain shape and pattern are different for rising and decreasing field. The interplay between this topological hysteresis and the magnetic hysteresis at the MP-HP boundary is not well understood. Valuable insights into this question are expected from the study of the stability range of different domain shapes, a task that recent models have made possible [4, 10] .
In this Letter, we discuss the physical origin of magnetic and topological hysteresis close to the MP-HP boundary. The two transition fields are shown to correspond to the rupture of metastable states. They are used to determine the critical radius for the nucleation and collapse of the SC phase. We show that topological hysteresis very likely originates from domain-shape instability arising from long-range interactions. The theoretical analysis of metastable states and domain-shape instabilities is carried out in the framework of the constrained current-loop (CCL) model which was successfully developed to take into account screening by superconducting currents in SC films [4] .
The IS domain pattern in SC films was studied with the high-resolution Faraday microscopy imaging technique [20] . The samples consisted of indium films with thicknesses 0.6, 1.1, 1.5, 2.2, 10.0 ± 0.1 µm and 33 ± 3 µm. They were placed in an immersion-type cryostat in pumped liquid helium. The optical setup is similar to a reflection polarizing microscope [4] . The samples were zero-field cooled then subjected to a perpendicular magnetic field.
The SC-NS phase transition is found to be hysteretic. Distinct transition fields are found in rising and decreasing applied field. They are associated with different morphologies of the SC domains. Figure 1 shows typical IS patterns in the 10 µm thick film near the MP-HP boundary. In rising field lamellar and bubble-shape SC domains are observed ( Fig. 1(a) ). The length of SC lamellae decreases until they are reduced to SC bubbles. The transition to the homogeneous NS phase results from the collapse of these bubbles whose diameter is 6-7 µm. In contrast, with decreasing field, the lamellar pattern appears abruptly in a very narrow range of field ( Fig.  1(b) ). The associated magnetic hysteresis is displayed in Fig. 2 . The area fraction of the NS phase ρ n , determined from magneto-optical images, is plotted as a function of the reduced applied field h = H/H c . The magnetic field H n in the NS domains is related to ρ n by flux conservation ρ n H n = H. There is a clear deviation from ρ n = H/H c shown by the dashed line, which means that H n < H c . The transition to the NS (ρ n =1) is thereby completed at a lower field than H c . However, the transition is not characterized by a unique transition field but by two fields h up and h down . h up (h down ) are the fields at which the SC domains collapse (appear) when h is increased (decreased).
This magnetic hysteresis was observed in all the studied samples. In Fig. 3 , h up and h down are reported as a function of the magnetic Bond number Bm = d/2π∆(T ) [16] . d is the sample thickness and ∆(T ) is the interface wall parameter [21] . In order to determine whether h up and h down are related to superheating and supercooling, they were compared to the transition field deduced from the free energy of the system. In the framework of the CCL model, we calculated the free energy associated with the formation of an isolated SC cylindrical domain
where σ SN = ∆H 2 c /8π is the interfacial tension between the SC and NS phases, p = 2R/d is the reduced bubble diameter. The first term in Eq. 1 is the interface energy. The second term contains the bulk magnetic energy and the condensation energy. It is negative since h < 1. The third term represents the interaction energy of the screening current circulating within the bubble wall. The bubble energy is plotted in Fig. 4 as a function of p. The set of curves obtained for different applied fields presents the typical behavior of a metastable system. The critical field
2 Bm , is the field at which the free energies with and without a SC bubble are equal. An energy barrier impedes the nucleation or the collapse of a bubble at h = h crit . Starting from the NS phase (p = 0) and decreasing H, the system may stay in a metastable state. Nucleation of a SC bubble occurs if p > p nucl with
Bm/h 2 ; h stands here for the nucleation field. The expansion of the SC phase is however limited by the long-range Biot-Savart interaction of the screening current (p 3 term in Eq. 1) leading to an equilibrium bubble diameter p 0 = y 1 + (1 − 8/z) 1/2 . In the following we assume that the first step of nucleation yields circular domains. Their evolution towards the laminar shape will be discussed later.
Starting from the IS state with SC bubbles and rising the field, the system may remain in a metastable state above h crit , up to the collapse field corresponding to the disappearance of the energy barrier:
1/2 with w = 2/(π 2 Bm). The corresponding collapse diameter is p coll = 1 + (1 + 1/w) 1/2 /(πBm).
h crit and h coll are compared to h down and h up in Fig.  3 . h down and h up -values lie below and above h crit , respectively. This is consistent with the existence of barriers for nucleation and collapse. SCL and SH states are indeed observed. Since the h down fields remain much larger than the spinodal limit H c2 /H c ≈ 0.12 for indium, the onset of the SC phase proceeds through heterogeneous nucleation. Thermally activated nucleation can be ruled out since the barrier is larger than the thermal energy kT by many orders of magnitude. Defects likely act as potential wells that locally cancel the nucleation barrier when its amplitude is sufficiently lowered by the applied field. The nucleation radius R nucl = p nucl d/2 is obtained from the nucleation field h down and plotted in Fig. 5(a) in units of ∆. R nucl is of the order of 2 ∆ showing a variation by only a factor 1.5 while Bm is changed by a factor 30. The nucleation volume is thereby ≈ π∆ 2 d. This is quite reasonable since ∆ is of the order of the coherence length ξ, which is the typical dimension of perturbation of the order parameter when a SC domain nucleates. A more accurate description of nucleation should take into account the spatial variation of the order parameter at the SC-NS interface, but this is beyond the scope of the CCL model.
Considering the collapse of SC bubbles, let us note that the h up -values lie even above h coll . As the movement of SC bubbles is frozen close to h up , this shift of the SC-NS transition beyond the collapse field likely originates from the existence of pinning centers that form local potential wells. For all samples studied they are found to decrease the energy of the system by almost the same quantity as the potential wells that cancel the nucleation barrier. This suggests a common nature for nucleation and pinning centers. Let us examine now whether the CCL model, which describes well the magnetic hysteresis, also provides a good agreement for domain sizes. In Fig. 5(b) the average diameter of SC bubbles measured close to h up is compared to the calculated diameters p crit and p coll and to the diameter p up . p up corresponds to the p-value for which ∂ 2 F/∂ 2 p=0 at h = h up . The measured diameters are in quite good agreement with p coll and p up , thereby indicating that the CCL model accurately describes domain sizes.
Let us now address the question of domain-shape hysteresis: why does nucleation of the SC phase give rise to the lamellar pattern even though the ground state of the system close to the critical field is the bubble phase? It was suggested that the ramification of the SC phase propagating in the NS phase originates from dynamical instabilities driven by magnetic field diffusion [12, 13] . However the role of long-range interactions in branching instabilities was later emphasized [9, 10] . We consider here only the onset of domain formation. We show that shape instability arising from long-range magnetic interactions very likely accounts for topological hysteresis. From linear stability analysis [23] the critical diameter for the bubble elliptical instability is obtained as
If the bubble diameter after nucleation p 0 is larger than p inst a bubble evolves into an elongated-shape domain. p 0 and p inst are plotted as a function of the field in Fig. 6(a) for the 10 µm indium sample (Bm=3.2). At the nucleation field shown by the vertical bar the nucleated bubble diameter is very close to the instability limit, being smaller by only 10 %.
Moreover our theoretical predictions also provide excellent agreement with experimental data obtained by muon spin rotation spectroscopy on white tin [17] as shown in Fig. 6(b) . The magnetic Bond number Bm = 387 is much larger than for indium. The field of disappearance of the bubble phase (h up ) is slightly larger than the calculated collapse field h coll . The crossing between p 0 and p inst coincides with the field h trans at which a transition from the lamellar to the bubble phase is observed in rising field. In decreasing field, nucleation occurs at h down , below the crossing point. Nucleated bubbles are unstable and therefore the lamellar phase is observed.
We propose the following description of the hysteretic SC-NS transition. In rising field, the SC lamellar phase evolves towards the bubble phase which can remain in a metastable state above the critical field. The complete transition to the normal phase occurs with the collapse of finite-size bubbles at the collapse field or slightly above if SC domains are trapped in local potential wells. In decreasing field, the NS phase is a metastable state. Nucleation occurs below the critical field due to the existence of a nucleation barrier. Depending on the magnetic Bond number and the value of the nucleation field, nucleation may yield unstable bubbles with respect to elliptical deformation. They evolve into lamellae with subsequent growth of the lamellar pattern in order to reach the equilibrium state corresponding to the applied field.
In conclusion, the SC-NS phase transition in type-I SC films exhibits magnetic hysteresis and domain-shape hysteresis, which are shown to arise from different physical phenomena. Magnetic hysteresis, characterized by different values of the collapse and nucleation fields of SC domains, is found to be the signature of metastable states. Domain-shape hysteresis manifests itself as the collapse of bubble domains and nucleation of lamellar domains. Bubble-shape elliptical instability provides a very likely explanation for this topological hysteresis for a broad range of values of the magnetic Bond number. An analysis along the same lines would be of valuable interest for other systems with long-range interactions that exhibit similar domain patterns and hysteretic behavior.
